Introduction
The Leishmania parasite causes cutaneous and visceral leishmaniasis, the latter disease resulting in severe internal symptoms and in nearly 100% fatality when left untreated [1] . While treatment is available, current treatments exhibit sub-optimal efficiency [2] . An increased understanding of Leishmania spp.-associated pathology would be helpful to better diagnose and treat cases of leishmaniasis. Upon infection, L. major is rapidly phagocytized by host macrophages and is able to survive exposure to large quantities of reactive oxygen and nitrogen intermediates derived from hydrogen peroxide (H 2 O 2 ), superoxide (O 2 − ), and nitric oxide (NO) [3] . While the enzymatic mechanisms involved in detoxifying H 2 O 2 and O 2 − are well established [4] [5] [6] [7] , those by which the Leishmania parasite protects itself from NO or ONOO − (peroxynitrite, PN) are poorly understood. PN is the product of the irreversible reaction between NO and O 2 − radicals, with a rate constant of up to ~10 10 M −1 s −1 [8] and a ΔG of −22 kcal mol −1 [9] . Acting as both a 2-electron oxidant and a strong nucleophile, PN is highly deleterious in vivo and has been shown to hydroxylate cysteine sulfhydryls [10] [11] [12] , nitrate tyrosine side chains [13, 14] , and both oxidize and nitrate transition metal centers [15, 16] . PN has also been shown to possess leishmanicidal activity both in vivo and in vitro [17] .
Recently, a novel heme enzyme in L. major has been identified and hypothesized to be a PN scavenger [18] , providing a novel therapeutic target to increase susceptibility of the pathogen to reactive nitrogen species. Because of its high sequence similarity (14% identical, 40% conserved) Abstract Leishmania major pseudoperoxidase (LmPP) is a recently discovered heme protein expressed by the human pathogen. Previous in vivo and in vitro studies suggest that LmPP is a crucial element of the pathogen's defense mechanism against the reactive nitrogen species peroxynitrite produced during the host immune response. To shed light on the potential mechanism of peroxynitrite detoxification, we have determined the 1.76-Å X-ray crystal structure of LmPP, revealing a striking degree of homology with heme peroxidases. The most outstanding structural feature is a Cys/His heme coordination, which corroborates previous spectroscopic and mutagenesis studies. We also used a combination of stopped-flow and electron paramagnetic spectroscopies that together suggest that peroxynitrite is not a substrate for LmPP catalysis, leaving the function of LmPP an open question.
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to the well-studied L. major heme peroxidase (LmP), but inability to use H 2 O 2 as a substrate, it was dubbed L. major pseudoperoxidase (LmPP). Localization of the protein was determined by immunofluorescence microscopy, revealing an eightfold increase in expression in the non-flagellar amastigote form compared to the flagellar promastigote form, as well as localization to the plasma membrane [18] . Gene knockout studies indicate that LmPP is necessary for both disease development in mice, as well as resistance to nitrogen-mediated killing in macrophages [18] . Additionally, rapid kinetic experiments revealed a fourfold increase in PN decay in the presence of LmPP [18] . UV/Vis spectroscopic studies also showed that the addition of PN causes a shift in the LmPP heme iron from ferric 6-coordinate low-spin state to ferric high-spin state in the absence of an electron donor. While mutagenesis studies point to His 206 and Cys 107 as the likely proximal and distal axial heme ligands, respectively [19] , the absence of a crystal structure has been an obstacle to determining the mechanism of PN detoxification by LmPP. Here, we describe the 1.76-Å crystal structure of LmPP, in addition to kinetic and spectroscopic studies, to shed further light on the potential biological function of this intriguing heme protein.
Methods

Molecular cloning
The wild-type LmPP gene without the hydrophobic N-terminal tail, as Δ48LmPP, was obtained from Dr. Subrata Adak. Δ48LmPP was first cloned into the pET28a vector with kanamycin resistance and an N-terminal 6X-Histidine tag, between the NdeI and XhoI restriction sites. First, a polymerase chain reaction (PCR) was used to amplify the Δ48LmPP gene. An empty pET28a vector and the amplified PCR product were both digested with restriction enzymes NdeI and XhoI to produce compatible ends for ligation. The digested gene fragment was then ligated into the vector using T4 DNA ligase to generate the pET28a/ Δ48LmPP plasmid. Successful cloning was confirmed by agarose gel electrophoresis and DNA sequencing.
Expression and purification of wild-type LmPP
The pET28a/Δ48LmPP plasmid was transformed into Escherichia coli BL21 (DE3) cells and cultured in 2× YT medium for 8 h before inoculation into TB medium (50 µg mL −1 kanamycin). Expression cultures were grown at 37 °C, 270 RPM for approximately 18 h before induction with 0.5 mM isopropyl β-d-1-thiogalactopyranoside and 0.4 mM δ-aminolevulinic acid, a heme precursor. Cultures were then allowed to persist at room temperature, 100 RPM for 24 h before they were harvested by centrifugation.
Cells were resuspended in Buffer A (50 mM potassium phosphate pH 7.8, 100 mM potassium chloride, and 5 mM β-mercaptoethanol). Resuspended cells were lysed using a microfluidizer at 18,000 psi (Microfluidics International Co) in buffer A containing an additional 1 mM phenylmethanesulfonyl fluoride (PMSF). The resulting suspension was centrifuged at 17,000 rpm to separate insoluble cell debris. Supernatant cell-free extract from centrifugation was then loaded onto a Ni 2+ -Nitrilotriacetate (Ni-NTA) column previously equilibrated with 10 column volumes (CV) of buffer A. The column was then washed with 10 CV of Buffer A and 10 CV of Buffer A with 5 mM l-histidine (L-His) to wash away loosely bound contaminants and eluted with a linear gradient of 5-100 mM L-His in buffer A. Wild-type LmPP was previously reported to display an absorbance peak at 423 nm with a molar extinction coefficient of 65 mM −1 cm −1 [18] . The R Z ratio (OD 423 /OD 280 ) was used as a metric to assess the purity of each fraction, and fractions with R Z greater than 1.2 were pooled.
The pooled fractions were then digested by thrombinolysis to cleave the polyhistidine-tag using a 50:1 weight ratio of LmPP and a 2 h incubation at 25 °C. The reaction was quenched with PMSF and loaded onto a fresh Ni-NTA column previously equilibrated with 10 CV of buffer A. Buffer A containing 5 mM L-His was used for elution and colored fractions were pooled and dialyzed overnight against Buffer B [12.5 mM potassium phosphate, pH 5.3, 12.5 mM potassium chloride, and 0.5 mM dithiothreitol (DTT)] and loaded onto a high-performance SP Sepharose cation-exchange column. The column was preequilibrated with Buffer C (50 mM potassium phosphate, pH 5.3, 50 mM potassium chloride, and 2 mM DTT). Protein was eluted with a fractionated gradient of 50-550 mM potassium chloride in buffer C, and the resulting fractions with R Z values greater than 1.4 were pooled.
The protein was then loaded onto a 16/60 Superdex 75 gel filtration column preequilibrated with Buffer D (50 mM potassium phosphate, pH 7.0, 5% v/v glycerol, and 2 mM DTT), and fractions with R Z values greater than 1.4 were combined. Protein purity was confirmed by SDS-PAGE.
LmPP crystallization, structure determination, and refinement
Hanging drop vapor diffusion crystals were set up with 14 mg mL −1 LmPP in a well solution containing 5%
the Stanford Synchrotron Radiation Lightsource (SSRL) facility, beamline 14-1, using the data collection control software Blu-Ice [20] . Crystals were first screened for diffraction quality by taking two snapshots (90° rotation, 1° width) with short X-ray exposure (5 s). The best diffracting crystal was chosen to collect multi-wavelength anomalous dispersion (MAD) data using the inverse beam protocol. A fluorescence scan was performed to determine the optimal wavelengths for anomalous dispersion near the Fe absorption edge. Two full datasets were collected at different wavelengths (λ inflection = 1.74 Å and λ remote = 1.65 Å). Another crystal was used to obtain a high-resolution dataset at the maximum energy of beamline 14-1 (λ highres = 1.18 Å). iMOSFLM [21] was used to index and integrate the reflections, and POINTLESS and AIMLESS were used to scale and merge the data. PHENIX AutoSol [22] was used to simultaneously process the data, determine phase values and calculate an initial electron density map. PHENIX AutoBuild [23] was then used to build an initial model into the electron density, and phenix. refine [24] to refine this model against the high-resolution data set. Refinement was performed until R work and R free reached suitable values, and COOT [25] was used to build and validate the finished model.
Electron paramagnetic resonance spectroscopy
LmPP resting state EPR samples were prepared with 0.1 mM LmPP in 0.1 M Tris, pH 9. Time course reaction samples were prepared by first mixing 0.1 mM LmPP with 10 mM peroxynitrite in 0.1 M Tris, pH 9.0, transferred to an EPR tube, and flash frozen in liquid N 2 10, 30, and 60 s after the reaction was initiated. Cryogenic (10 K) X-band (9.64 GHz) EPR spectra were recorded on a Bruker EMX EPR spectrometer equipped with an Oxford ESR 900 liquid helium cryostat. The modulation frequency and amplitude was 100 kHz and 10.02 G. The EPR simulation software package SpinCount [26] was used to analyze the data.
Stopped-flow spectroscopy
All stopped-flow kinetic measurements were performed using an SX.20MV stopped-flow spectrophotometer (Applied Photophysics) with an instrument dead time of ~1.0 ms. Prepared LmPP and peroxynitrite solutions were loaded into separate 2.5-mL syringes and injected into two separate drive syringes of the stopped-flow instrument. LmPP solutions were prepared in either 0.1 M potassium acetate, pH 4.4; 0.1 M potassium phosphate, pH 6.0, 6.5, or 7.0; or 0.1 M Tris pH 9. Peroxynitrite solutions were prepared in 0.5 mM NaOH where >95% remained stable after an hour. In sequential mixing experiments, peroxynitrite solution was mixed with buffer and aged for a certain period before mixing with LmPP solution. Single wavelength absorptions were measured at various wavelengths (423 nm = resting state LmPP, 302 nm = peroxynitrite) using a photomultiplier detector, while a photodiode array detector was used to collect full spectrum scans. Rate constants were calculated using the software provided with the stopped-flow instrument (Applied Photophysics) and the following standard single exponential equation:
where C is the amplitude term, k obs is the observed rate constant for the decay of peroxynitrite at 302 nm, and b is an off-set value.
Results and discussion
LmPP purification and crystal structure
LmPP was purified to R Z (A 423 /A 280 ) = 1.4 ( Figure S1 ), higher than previously reported R Z of 1.2 [18] and the resulting protein solution was red-orange in color. Crystals formed overnight, and there was no visible precipitate in the drops. After multiple rounds of refinement, the crystal structure of LmPP was solved to 1.76-Å using multi-wavelength anomalous dispersion (MAD) and submitted to the Protein Data Bank (PDB ID 5VIA). Crystallographic data and refinement statistics are recorded in Table 1 . The overall three-dimensional fold of LmPP shows remarkable similarity with the fold of other peroxidases (Fig. 1a) . Non-mammalian peroxidases are divided into three classes: class I are intercellular peroxidases, class II are extracellular fungal peroxidases, and class III are extracellular plant peroxidases [27] . Peroxidases of all three classes, including L. major's class I peroxidase LmP, have a single His-coordinated to the heme iron, and are composed of 10 α-helices and a single antiparallel β-sheet consisting of 3 beta strands, whereas LmPP contains 11 α-helices and a single antiparallel β-sheet consisting of 2 β-strands. Compared to LmP, LmPP also possesses an additional loop on the distal side of the heme that contains Cys 107 , the heme distal axial ligand. To quantify the differences, we calculated the root-mean-square deviations (rmsds) of the LmP polypeptide chain (PDB entry 3RIV) superposed with the LmPP chain (Fig. 1b) , which gave an rmsd value of 1.04 Å for 143 matching residues, and an rmsd value of 4.27 Å for the total structures when including mismatched surface loops.
Our crystal structure confirms previous work identifying the LmPP axial ligands using a combination of site-directed mutagenesis and UV/Vis spectrophotometry [19] . The heme is coordinated proximally by His 206 and distally by Cys 107 (Fig. 2a) . This type of His/Cys
ligation is relatively uncommon among heme proteins. To date, there are no known His/Cys-ligated heme proteins with catalytic capabilities that involve the heme group.
Cystathionine-β-synthase also has a His/Cys-ligated heme b protein, but the catalytic activity of this enzyme is preserved even after heme displacement, suggesting a regulatory role modulated by redox changes [28] . Certain heme sensor proteins also have His/Cys ligation [29] where the Cys is readily dissociated, but here too, there is no catalytic activity associated with the heme group. The structure shows a solvent-access channel located on the distal side of the heme and analogous to the one found in LmP, suggesting that a potential substrate would interact on the distal side of the heme, although dissociation of Cys 107 would be required to access the iron. On the proximal side, the axial ligand His 206 forms π-stacking interactions with a neighboring residue, His223. In other peroxidases, such as ascorbate peroxidase (APX), cytochrome c peroxidase (CcP), and LmP, the analogous residue is a tryptophan (Fig. 2b and c) . In LmP and CcP, this tryptophan forms a π-cationic radical that stabilizes the formation of the first reactive intermediate, Compound
, which is a characteristic intermediate in heme enzyme catalysis [30, 31] . However, in other peroxidases, such as APX, the radical is located on the porphyrin ring [32] . The substitution of Trp by His at this position suggests that if LmPP has a similar catalytic cycle to peroxidases, then the π-cationic radical most likely would form on the porphyrin.
Another feature on the proximal side of the heme is the presence of Glu 219 . In CcP and LmP, the analogous residue is an Asp that forms a hydrogen bond with the proximal His ligand and confers a partial imidazolate character. The length of the Asp 253 -His 192 hydrogen bond in LmP is Root-mean-squared deviation for bond angles (°)
1.05
Fig. 1 a α-Carbon backbone superposition of LmPP and LmP
(PDB entry 3RIV) shows the striking degree of structural similarity between the two enzymes. LmP is depicted in cyan, LmPP in green, and the LmPP loop that contains Cys 107 and is not present on LmP is depicted in red. All molecular graphic images were generated using UCSF Chimera [42] . b Root-mean-square deviations (rmsds) for the superposition of chain A of LmPP with chain A of LmP (PDB entry 3RIV), done with UCSF chimera Matchmaker, using the NeedlemanWunsch alignment algorithm and BLOSUM-62 matrix [42] 2.90 Å (Fig. 2b) (Fig. 2c) , while the length of the Glu 219 -His 206 hydrogen bond in LmPP is 2.56 Å (Fig. 2a) , suggesting that the proximal His ligand of LmPP may have a relatively greater imidazolate character than that of LmP and CcP. Many peroxidases possess an Arg residue on the distal side of the heme. Arg 38 in APX has been shown to be crucial for the formation of the heme ferryl species [33] and Arg 38 in horse radish peroxidase (HRP) has been shown to be involved in the cleavage of the peroxide O-O bond, as well as in the binding of peroxide to HRP [34] . LmPP also has an Arg at this position, yet reactivity with peroxide is still extremely low [18] , which in part has been attributed to the fact that LmPP has a distal Val 90 that replaces the distal catalytic His found in peroxidases. The distal His has been shown to be crucial to the formation of Compound I in many peroxidases [35, 36] as well as in the reduction of Compound II [37] . Studies on Val 90 to His LmPP mutants have shown that H 2 O 2 turnover and peroxidase-like activity is restored [38] . However, the distal Cys 107 must first be artificially dissociated through an unknown mechanism by mixing 5 µM LmPP with both 5 µM H 2 O 2 and 10 µM 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) in 50 mM phosphate, pH 5.5. We have attempted to react LmPP with H 2 O 2 alone, and with both H 2 O 2 and ABTS simultaneously, both of which resulted in no discernible shift in the UV/Vis spectrum (data not shown).
Stopped-flow spectroscopy
We used stopped-flow spectroscopy to probe the interactions and mechanism of PN detoxification by LmPP and trap any spectroscopically visible intermediate in the reaction. Concentrations lower than 100-fold excess peroxynitrite did not result in an observable Soret peak shift, nor in a change in PN decay rate, but does result in some heme decay (Fig. 3) , and suggests that no catalysis occurs, but only heme degradation. Since the pK a of ONOOH is 6.8 [10] , we initially attributed the lack of a reaction to the instability of PN at neutral and acidic pH and, therefore, characterized this reaction at a broader pH range. PN is significantly more stable at higher pH, with a measured decay rate constant of 1.39 min −1 at pH 9 compared to 13.0 min
at pH 7.5 and 88.1 min −1 at pH 4.4 (Table 2 ). At pH 9 with 100-fold excess PN, we do observe a shift from 423 to 408 nm ( Figure S2D ), which is consistent with dissociation of the Cys ligand and a His-ligated high-spin heme. This is followed by heme degradation ( Figure S2 ). The rate of heme decay also increases as a function of PN concentration, suggesting that either PN or a byproduct of PN decay is directly responsible for the observed heme destruction.
While the overall behavior observed was the same at all pH values ( Figure S2 ), our results show that a greater concentration of PN is required to obtain similar shifts at acidic pH, suggesting that either ONOO − is the reacting species, or that the poor reactivity is due to the greater decay rate of ONOOH, which is the lesser stable species [39] . To ensure that destruction of the heme was not masking a true shift, we performed the reaction at 4 °C, which resulted in a threefold reduction in PN decay rate (Table 2) , but no isolated peak shift was observed while the heme absorption peak decayed over more than 16 min ( Figure S3 ). Overall, the behavior observed when LmPP is exposed to large concentrations of PN suggests that PN causes dissociation and possible modification of one of the heme ligands, most likely Cys 107 , and that either the remaining PN itself or reactive byproducts of PN decay assault the heme metal center, resulting in heme destruction.
To test if PN byproducts react with LmPP, we performed sequential stopped-flow mixing to probe interactions between LmPP and PN byproducts by allowing PN to decay for a known delay time before being mixed with LmPP. As expected, we observed a decrease in percentage of PN introduced into the reaction mixture as delay time is increased, from 43% remaining after 0.1 s delay time to 5.8% remaining after 10 s delay time. Our sequential stopped-flow results ( Figure S4 ) also show that the rate of Soret shift from low spin to high spin, as well as the rate of heme decay, decreases as the delay time increases, indicating that PN itself is in fact the species catalyzing the dissociation of the heme axial ligand, and not a PN byproduct.
Finally, we found no correlation between LmPP concentration and PN decay rate. With or without LmPP, the decay rate is about 27.0 min −1 (Fig. 4a) . This rate is to be compared with 840 min −1 for the reaction between PN and metmyoglobin (Mb) distal His mutants [40] . Since the crystal structure of LmPP shows a distal Val 90 instead of His, the metmyoglobin mutants can serve as a comparison of expected PN catalytic rate. Although previous studies using 30 µM LmPP resulted in a fourfold increase in the decay of 800 µM PN [18] , we were not able to obtain similar data. In fact, the rates we measured are not indicative of any catalytic involvement by LmPP, and in combination with our other data suggest that PN consumption by LmPP occurs through mechanisms involving heme destruction rather than catalysis. 
Electron paramagnetic resonance spectroscopy
The resting state EPR spectrum of LmPP exhibits a single spin 1/2 signal (g x = 2.53, g y = 2.25, g z = 1.78) at 10 K (Fig. 5a, b) , consistent with a six-coordinate low-spin heme and with previously reported values [18] . To capture the intermediates of the reaction between PN and LmPP, we added 100-fold excess PN in 0.1 M Tris, pH 9.0, quenched the reactions by flash-freezing into liquid nitrogen after 10, 30, and 60 s, and measured their respective X-band EPR spectra at 10 K (Fig. 5c, d ). These spectra reveal a spin 5/2 signal (g ⊥ = 6.06) that appears and increases in intensity over time, while the spin 1/2 signal observed in the resting state EPR simultaneously decreases in intensity, suggesting that the six-coordinate low-spin heme is converting to five-coordinate high-spin heme. Some spin 1/2 signal is still observed, indicating that not all of the heme is converted during the 60 s time course of the reaction. We also observe a very sharp spin 1/2 signal (approximately 50 Gauss thickness) with g = 2.00 and of much larger magnitude, typical of organic radicals, along with the appearance of a large signal at g = 4.27, suggesting the presence of adventitious Fe III , both of which also increase in intensity over the course of the reaction. Taken together, these data suggest that the addition of 100-fold excess of peroxynitrite has three direct effects: (i) dissociation of one of the heme ligands, most likely Cys 107 , generating high-spin heme; (ii) oxidation of a number of LmPP residues into their corresponding organic radical species, resulting in protein destruction; and (iii) heme destruction and subsequent release of adventitious Fe III . These observations correlate well with data observed by stopped-flow spectroscopy: shift to high spin followed by extensive heme degradation.
Conclusions
Our crystal structure reveals that LmPP shares a high degree of structural and topological homology with heme peroxidases, even though it lacks the ability to turnover H 2 O 2 . While the function of LmPP was initially proposed to bind and detoxify PN as a substrate, our results indicate that PN produces no detectable shift in the Soret peak at less than 100-fold excess PN, but does result in heme degradation. Reactions with concentrations of PN greater than 100-fold excess result in a shift to five-coordinate high-spin heme, followed by extensive decay of the heme absorption peak. Our stopped-flow and EPR data show that this shift and decay is caused by heme degradation and protein oxidation. His/Cys ligation is well known in various sensor proteins [29] , but His/Cys ligation where the Cys ligand is not readily replaced has been observed only rarely. In none of the known examples does the His/Cys-ligated heme participate directly in catalysis. For this to occur, one of the ligands, Cys in the case of LmPP, must dissociate to free the distal coordination site to interact with potential substrates. This appears to occur in our experiments, but only under extreme and certainly not physiological conditions. LmPP thus is very unlikely to serve as an enzyme for the elimination of PN. Nevertheless, previous in vivo experiments do suggest a role of LmPP in the protection against NO or its metabolites, since a LmPP knockout is much more susceptible to NO donors [18] . LmPP is also tethered to the plasma membrane by an N-terminal anchor that would enable LmPP to encounter host-generated NO or other reactive oxygen species. Indeed, Cys/His-ligated heme systems have presented a conundrum in the metalloprotein community. A close homolog to LmPP with respect to heme ligation is cystathionine-β-synthase (CBS), but unlike LmPP, CBS has been extensively studied and yet the function of the heme remains unknown. However, like CBS [41] , the heme iron in LmPP can be reduced with dithionite, enabling formation of the ferrous-carbon monoxide (CO) complex. The spectral features of the CO complex are characteristic of His-ligation ( Figure S6 ). Therefore, if there is a physiological reductant capable of reducing LmPP and displacing the Cys ligand, there could potentially be an enzymatic function for LmPP. However, like CBS, the ferric protein is inert. It therefore seems reasonable to search for other proteins that communicate with LmPP.
